INTRODUCTION
Streptomyces species have a cell cycle that involves the formation of a multicellular mat made of branching hyphae resulting from the vegetative growth, that serves as substrate mycelium for the growth of aerial hyphae that fractionate into chains of spores. Antibiotic production usually accompanies this differentiation process, typically beginning at the transition between vegetative growth and the development of the aerial mycelium (1, 2) and is subjected to the action of a series of metabolites and regulatory gene products operating at different levels, being their final target the structural genes of the antibiotic biosynthetic pathway (3, 4) .
The synthesis of the blue-pigmented polyketide antibiotic actinorhodin in Streptomyces coelicolor has been recently shown to be positively regulated by a gene localized in the so called actU region of the actinorhodin gene cluster (5) . Several other genes outside the act cluster are also involved in the regulation of the actinorhodin production in coordination with the cellular differentiation program (1, 2) . Thus, among the six bid genes (bldA-D, bldF-G; 6, 7) needed for antibiotic production and aerial mycelium formation, the gene bldA encodes a tRNA for the leucine codon UUA (8) , extremely rare in Streptomyces; this tRNA is apparently available only late in the growth cycle, providing an element of regulation at the translational level for the switch to morphological differentiation and actinorhodin production (5, 8, 9) , being the transcriptional activator gene of the act cluster (actII-ORF4) as well as an export gene subjected to this kind of regulation (5) . The genes qfsB (10) , and absA (11) , are also required for the production of the S.coelicolor antibiotics including actinorhodin.
Streptomyces lividans, a S. coelicolor close related streptomycete, carries the entire gene cluster for actinorhodin production in its genome, but it remains unexpressed throughout the whole cell life under non stress conditions (12) . Actinorhodin synthesis results induced in S. lividans when extra copies of the actU region or the acrII-ORF4 DNA are cloned in a low copy number plasmid (5) . To gain further insight into the possible existence of trans-acting elements activating the biosynthesis of actinorhodin, a genomic library from Streptomyces fradiae (an actinorhodin non producer streptomycete) was screened in 5. lividans. This paper describes the finding of an heterologous gene from S.Jradiae which activates actinorhodin production in S. lividans. This gene is transcribed in a 132 nucleotides long transcript, which could act as an antisense RNA.
MATERIALS AND METHODS
Bacterial strains and plasmids S. lividans TK21 (13) was the host for the high copy number vector plasmid pIJ486 (14) . S.fradiae (ATCC 14544) was the source of genomic DNA for the cloning experiments. The plasmids pUC19 and pUC18 (15) were used with the E.coli strains JM109 (16) and DH5a (17) for the DNA sequencing.
Standard media and manipulations. DNA sequencing Procedures for the growth and manipulation of Streptomyces and general recombinant DNA manipulation were as described elsewhere (13, 18) . For Streptomyces vector selection, thiostrepton (a gift of S.J.Lucania, Squibb Institute for Medical Research, Princeton) was used at 50 /ig/ml in agar and 10 /ig/ml in broth cultures. Sequencing of DNA was by the dideoxy-chain termination method (19) , using the 7-deaza-dGTP reagent kit from US Biochemical Corp. following the manufacturer's recommendations. DNA ladders for the analysis of the SI nuclease mapping experiments were sequenced by the chemical degradation method (20) .
In vivo transcription RNA was isolated from 5. lividans liquid cultures grown at 29°C and prepared as described before (21, 22) . The separated strands of the indicated DNA fragment uniquely labelled at the 5' end were gel purified, mixed with 50 /tg of total RNA, denatured and hybridised at 60°C (23). SI nuclease digestion was then carried out as described (18, 24) . The size values given for the SI nuclease protected fragments were corrected for the 1.5 nt differential migration compared with the sequence ladder (25) . SI nuclease mapping of the transcription termination sites was carried out with the indicated purified DNA strand uniquely labelled at its 3' end.
To determine the extent of transcription, sandwich hybridisation experiments (21, 26, 27) were carried out using as a probe the same 5' end labelled DNA strand as in the SI nuclease mapping. Hybridisation conditions were as in the SI nuclease mapping as described (21) . 
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RESULTS AND DISCUSSION
Cloning and subcloning of the heterologous activator S.fradiae DNA was partially digested with the restriction endonuclease SauSA, treated with alkaline phosphatase, inserted into the multicopy plasmid pD486 through its unique BamHl site and the resulting ligation mixture used to transform S.lividans. A sporulating colony harbouring the plasmid pNR300 ( Fig. 1 ) and producing the blue-pigmented actinorhodin was selected for further analysis. Plasmid pNR300 showed to contain an insert approximately 3kb long which was further fractionated and the indicated DNA fragments subcloned in pU486 as shown in figure  1 . Among the first three plasmids constructed (pNR301 -303), only pNR3O2, containing an approximately lkb long Smal-Sacl fragment, induced the production of the blue coloured pigment upon S.lividans transformation. This phenotype was also obtained when plasmids pNR304-306 were used to transform S. lividans, narrowing the putative activator region to a 362bp long SauiASacl DNA fragment included in plasmid pNR306 (Fig. 1 ). This particular plasmid showed to weakly induce actinorhodin production and to be highly unstable upon propagation and retransformation in S. lividans, whereas plasmid pNR305, containing a 476bp long Sall-Sacl DNA fragment which includes the Sau3A-Sacl one ( Fig. 1) , induced the synthesis of high levels of the coloured antibiotic and was very stable upon propagation. Thus, plasmid pNR305 was used as the one harbouring the shortest DNA activator region stably cloned.
Sequence of the activator DNA
The region of DNA spanning from above the first Sail site (SI) in Fig. 1 ) to the second BamHl site (B2 in Fig. 1 ) was sequenced as indicated in Materials and Methods and is shown in figure 2 . Two putative ORFs were found when this DNA sequence was analysed using the CODONPREFERENCE (28) program. ORF1 spans from positions 133 to 429. ORF2 is a truncated ORF which starts outside the sequenced region and ends at position 678, being transcribed in opposite direction to the ORF1 and encoded in the other DNA strand. The putative derived amino acid sequences for the two ORFs is also show in figure  2 . When the 120 amino acids long peptide from the incomplete ORF2 were compared with the protein sequences contained in the data base, they showed to have a very high degree of homology with the S-adenosyl-L-homocysteine hydrolase, having up to 89 identical amino acids conserved in the same relative positions when compared to the enzyme sequence from rat and from the mold Dictyostelium discoideum (31) . The ORF1 comprises 99 amino acids for which no homologous proteins could be found in the data base. It has an arginine-rich amino end, and other arginine-rich region (residues 72-83) is also present at the carboxyl end. No other ORFs could be derived for the rest of DNA included in plasmid pNR305 (see Fig. 1 ) and comprised between the two identified ORFs.
In vivo transcription of the activator DNA region
To further characterise the nature of the activator DNA, the in vivo direction and the extent of the transcription taking place from the cloned DNA were analysed. The direction of transcription and the transcription initiation and termination sites were determined by high resolution SI nuclease protection experiments, with total RNA from the actinorhodin producing bacteria harbouring the recombinant plasmid pNR300 (see Fig. 1 ). Transcription initiating within the cloned DNA from the putative ORF1 promoter and proceeding towards the ORF1 was mapped using the single stranded Smal-BamHI fragment (Sm-B| in Fig. 1 ) labelled at its BamYU. 5' end as a probe. Transcription initiating within the cloned DNA comprised between the two ORFs, was mapped using the single stranded SaR-Ddel fragment (S1 2 -D in Fig. 1 ) labelled at its Ddel 5' end. The results are shown in figure 3 .
Transcription from the putative ORF1 promoter initiates at 184 nucleotides from the 5' labelled BamHl end in S.lividans/pNR300 (Fig. 3A, b) , and transcription within the DNA comprised between the two ORFs initiates at 58 nucleotides from the 5' labelled Ddel end (Fig. 3B, a) when total RNA from S.lividans harbouring plasmid pNR305 was used. The same result was obtained when total RNA from cells carrying plasmid pNR300 was used in the experiment (not shown). No transcription was found to initiate either direction, anywhere else within the cloned DNA when appropriated different single stranded DNA fragments labelled at their respective 5' ends were used as probes to completely cover the entire sequenced DNA (not shown).
A search for transcription termination along the cloned DNA with the appropriated single stranded DNA fragments labelled at their respective 3' ends, allowed to map an unique transcription termination site at 69-77 nucleotides from the 3' labelled Ddel end, when the single stranded Ddel-Sad fragment (D-Sc in Fig. 1 ) was used as a probe (Fig.4A) . The total RNA used in these experiments was, either from cells harbouring plasmid pNR300 not shown), or from cells harbouring plasmid pNR305, where only the transcription initiated within the two ORFs could take place. In fact, a very stable secondary structure can be derived by the FOLD program at the end of both kind of transcripts when the complete messengers are analysed (Fig. 4B) ; a structure that resembles those associated to the rho-independent transcription events described for E.coli, apart form the lack of an uridin-rich tail following the stem-loop (32) . Even assuming a moderate SI nuclease nibbling effect (33), the transcripts do not terminate at a single nucleotide position ending rather heterogeneously, which is also consistent with a rho-independent termination event (32) . No other transcription termination sites were spotted by this approach. Transcription initiation and termination sites are also indicated in figure 2 .
Sandwich hybridisation
Sandwich hybridisation experiments were performed to check whether or not transcription initiated at the promoter for the putative ORF1 does in fact proceed through the ORF1 and terminates at the mapped site and to check if the transcription initiated downstream the ORF1 also ends at the same site. Total RNA from S. lividans carrying the plasmid pNR300 was hybridised to DNA fragments previously transferred to nitrocellulose filters, that included the transcription start site for the ORF1 promoter and extended over the ORF1 region, the transcription termination site and beyond. After a first round of hybridisation, the filters were washed and set to hybridise with the same probe used in the transcription initiation SI nuclease mapping experiment. The same procedure was followed when total RNA from S. lividans harbouring the plasmid pNR305 was used to check the extent of the transcription initiated downstream the ORF1. In theory only the DNA bands containing sequences complementary either to the probe itself or to RNA molecules that can hybridise with the probe, would be revealed; no DNA fragment located upstream of the sequences complementary to the probe should give a positive result unless transcription initiates upstream the mapped sites and no DNA fragment located downstream the transcription termination site should give a positive result unless transcription reads through the mapped site. A detailed explanatory scheme for the sandwich hybridisation experiments has been given before (21) . Thus, DNA fragments extending over the ORF1 and beyond which did not contain sequences complementary to the probe give a strong positive signal upon hybridisation whereas DNA fragments located downstream the termination site gave a much weaker signal (Fig. 5A, c and d ; 5B, b and d), as expected for a low efficient transcriptional reading through. DNA fragments containing sequences complementary to the probe, carried as a positive control, did hybridise as expected (Fig. 5B , b and f)-No hybridisation was detected to a DNA fragment containing sequences located upstream of the probe (Fig. 5B, b) . It can be concluded from all the transcription results, that the activator DNA region (mainly comprised between the Sl 2 and Sc sites, as defined by the subcloning experiments; see Fig. 1 ) is transcribed in vivo both, from the ORF1 promoter and from its own promoter; both transcripts ending mainly at the same site.
Characterisation of the activator DNA From the above results can be concluded that the in vivo transcription of the activator DNA region gives place to a 132 nucleotides long transcript, which apparently does not contain a sequence likely to be translated into protein, as determined by the CODONPREFERENCE program and by the lack of a translation termination codon in any of the potential reading frames. When the DNA sequence coding for the 132 nt transcript was interrupted at its Ddel site and the fragment Sall-Ddel cloned to generate plasmid pNR307 (Fig. 1) , no actinorhodin production occurred in S. lividans harbouring the recombinant plasmid, further confirming the need of the intact DNA sequence to produce the active RNA. Removal of the putative -35 promoter region of the 132 nt transcript (plasmid pNR3O6, Fig. 1 ) resulted in a considerable reduction of actinorhodin synthesis, suggesting the need of an intact putative promoter region for the activation phenotype. Moreover, no synthesis of actinorhodin was induced in S. lividans when the DNA sequences coding for the 132 nt RNA were absent from the cloned DNA, as it happens in plasmids pNR301, pNR303 and pNR3O8 (see Fig. 1 ). Since the latter carries an intact promoter-less 0RF1 DNA sequence, any potential contribution to the activation phenotype (e.g. titration of a putative repressor) of that part of the ORF1 DNA sequence present in plasmid pNR305 can be ruled out.
Transcription from the act cluster promoters took place indeed in S.lividans carrying plasmid pNR305, as determined by SI nuclease protection experiments. The same 5' end-labelled single stranded DNA probes previously used to map transcription initiation at the promoters for the act\ and actUl genes (21), the two earliest genes of the actinorhodin biosynthetic pathway, were respectively set to hybridise with total RNA extracted from cells harbouring plasmid pNR305 actively producing actinorhodin, and the hybrids were subjected to SI nuclease digestion. The actl and actUl promoters initiated transcription at the same sites that were mapped before in the absence of any cloned activator gene ( Fig. 6; 23) .
The gene bldA encodes a tRNA which has been shown to translationally regulate the switch to metabolic differentiation and actinorhodin production in Streptomyces (5, 8, 9) . The 132 nt activator RNA shares no homology with the bldA gene product and no potential tRNA-like secondary structure could be derived for it when analysed with the Staden algorithm (30) , ruling out the possibility for this RNA to regulate actinorhodin production in a similar manner as the bldA tRNA (5).
Antisense RNA has been found to be a natural component of many regulatory systems in prokaryotes, where the regulation involves the synthesis of a short transcript that does not get translated into protein but has a high degree of complementarity with a second RNA to which hybridises repressing its natural function in this manner (34) . The 132 nt RNA has a region complementary to the ORF1 RNA that includes the putative ribosome-binding site and translation initiation codon of the ORF1 RNA (Fig. 7) , thereby potentially blocking its translation if the hybrid formation between these two RNAs occurs.
This mode of action of the activator RNA would perhaps imply the existence in 5. lividans of an equivalent protein to the one encoded in the ORF1 (a potential DNA-binding protein) which function would be to repress, directly or indirectly (as part of the secondary metabolism coordinated regulation), the expression of the act genes. The evidence of the existence in S. lividans of a transcript homologous to the ORF1 one and the existence in S.lividans and S.coelicolor of DNA homologous to both, the ORF1 and the antisense coding sequences, has been already obtained (N.M. Romero, V. Parro and R.P. Mellado, to be published elsewhere), suggesting that the activator RNA might indeed work at the translational level blocking the synthesis of a potential repressor protein, in a similar way to that of the product of the gene micF from E. coli, an antisense RNA which inhibits the expression of the ompF mRNA by complementary base-pairing to the messenger, regulating the level of the OmpF outer membrane protein according to the changes in osmolarity of the culture medium (35) . As in the case of micF, the activator RNA will leave the stable stem-loop terminator structure out of the complementary region ( Fig. 7; 35 ). Experiments are under way to study the temporal expression of the activator gene in conjunction with the switching of the antibiotic production, as well as experiments aiming to identify the target gene and to find out whether an equivalent antisense RNA is forming part of the regulatory mechanisms of actinorhodin production in S.coelicor, the natural producer bacterium. The results of these studies will seed more light in the comprehension of the complex mechanisms governing the streptomycetes secondary metabolism.
